Interleukin-10 (IL-10) production is under tight genetic control in populations living in affluent environments. However, little is known about the role of IL10 genetics on cytokine production in populations living in environments with high infectious pressure. We have previously reported that, in a rural Ghanaian population, the most common IL10 haplotype associates with a pro-inflammatory response. Here, we aim to replicate these findings in an independent sample of the same population 2 years later. IL-10 and tumour necrosis factor-a (TNF-a) protein concentrations were determined in whole-blood samples ex vivo stimulated with lipopolysaccharide and zymosan in 2006 (n ¼ 615) and 2008 (n ¼ 647). The association between IL10 single nucleotide polymorphisms and Z-scores of IL-10 and TNF-a levels was analysed in each population subset. The most common IL10 haplotype was associated with a significantly lower IL-10 production and nonsignificantly increased TNF-a levels. The correlation between repeated cytokine assays, based on 111 individuals with measurements in both 2006 and 2008, was r ¼ 0.53 (Po0.001) for IL-10 and r ¼ 0.36 (Po0.001) for TNF-a. The replication of our previously found effect of variation in the IL10 gene on IL-10 production and the correlation between repeated cytokine stimulation assays provide evidence that IL10 genetics have an important role in regulating the host response under high infectious pressure.
Introduction
The human genome has been shaped in highly adverse environments, and the evolutionary selection on inflammatory responses points to pathogen resistance as an important determinant of survival in the past. [1] [2] [3] The innate cytokine response is a crucial component in the host response to pathogens and has been shown to be under tight genetic control. [4] [5] [6] However, essentially all studies on the relationship between genetic variation and cytokine production have been performed in populations living in environments with a low exposure to pathogens, and little is known about the role of genetics on cytokine production capacity in adverse environments.
We have previously reported that single nucleotide polymorphisms (SNPs) in the IL10 gene influence ex vivo innate production capacity of interleukin-10 (IL-10) and tumour necrosis factor-a (TNF-a) in a rural population living under high infectious pressure in the Upper-East Region of Ghana. 7 The pro-inflammatory cytokine TNF-a can stimulate production of IL-10, 8 which has antiinflammatory properties and inhibits production of proinflammatory cytokines including TNF-a. 9 Because of the regulatory effect of IL-10 on pro-inflammatory cytokine production, the effect of genetic variation in the IL10 gene on TNF-a production was also investigated. The most common IL10 haplotype in the population, which will be referred to as haplotype 1, includes the minor alleles of the SNPs rs1800871, rs1800872, rs3024490 and rs1554286. Of these SNPs, rs1800871 and rs1800872 lie in the promoter region of the IL10 gene, rs3024490 lies on an exon/intron boundary and rs1554286 is located in an intronic region. Carriers of haplotype 1 had a decreased IL-10 and an increased TNF-a production upon stimulation with Escherichia coli lipopolysaccharide (LPS) and Saccharomyces cerevisiae zymosan. This haplotype was thus associated with a pro-inflammatory innate immune response and was subsequently shown to be enriched among elderly members of the population, 7 which is in line with a survival benefit with more pro-inflammatory responses.
Results from genetic association studies have been shown to be prone to bias, and replication is paramount to identify true associations. 10 We therefore investigated whether we could replicate our previous finding from 2006 on the association between IL10 haplotypes and innate cytokine production in an independent sample derived from the same population in 2008. Furthermore, well-correlated measurements between repeated cytokine stimulation assays in such an infectious environment could indicate that cytokine production capacity is a characteristic largely under genetic control (although also environmental factors can affect the stability of a trait over time). We therefore assessed the correlation between repeated measurements of cytokine production after simultaneous stimulation with common bacterial and fungal components using a subset of individuals included in both our previous and current samples.
Results
Ex vivo cytokine production capacity was measured in 2006 in a population of 615 and in 2008 in a population of 648. In 111 subjects measurements were performed both in 2006 and 2008.
Characteristics of the 2006 study population (n ¼ 615) and the independent 2008 study population (n ¼ 537) are displayed in Table 1 In Figure 1a , Z-scores of log-transformed IL-10 production capacity in 2008 are plotted against Z-scores of log-transformed IL-10 production in 2006 for the 111 subjects for whom the cytokine production capacity was measured in both years. Mean levels of IL-10 production capacity were calculated for those carrying 0, 1 or 2 copies of the minor alleles of the four SNPs in haplotype 1. Figure 3 depicts the results. The mean IL-10 production decreased with each additional copy of the minor allele for each of these four SNPs (P trend ¼ 0.005). As an example of the magnitude of the effect on the absolute values of IL10 protein levels, the mean Z-scores convert into a mean IL-10 production of 617 pg ml À1 for non-carriers, 564 pg ml À1 for heterozygotes and 439 pg ml À1 for homozygotes of the minor allele for rs1800872.
Discussion
We were able to replicate our previous finding that genetic variation in the IL10 gene affects cytokine production in a Ghanaian population living under high infectious pressure. In this adverse environment, we also found a relatively high correlation between measurements of LPS-and zymosan-induced IL-10 production repeated 2 years apart.
There are several findings that indicate that the described IL10 haplotype is indeed causally related to the induced IL-10 levels. First, we found SNPs rs1800871, rs1800872, rs3024490 and rs1554286 to similarly affect the innate IL-10 response to LPS and zymosan in two independent samples. Second, we found that the mean levels of IL-10 production decreased with each additional copy of the minor alleles of the mentioned SNPs. This suggests a gene-dose effect and supports the existence of a causal relationship. Third, we previously re-sequenced the IL10 gene beyond linkage disequilibrium boundaries and did not reveal any other variants in haplotype 1 than the four previously mentioned SNPs, which would suggest that one or more of these SNPs is a functional variant. 7 The most likely candidates would be SNPs rs1800871 and rs1800872 as they lie in the promoter region of the IL10 gene, while rs3024490 and rs1554286 lie in intron regions of the gene.
Although the previously found association of haplotype 1 with increased TNF-a production was not significant in this sample, the trend was the same. As the gene under investigation is the IL10 gene, the primary effect is also expected to be on IL-10 production. IL-10 inhibits the production of several pro-inflammatory cytokines, including TNF-a. 9 Any influence of the IL10 gene on TNF-a production capacity is therefore likely to be an indirect effect mediated by IL-10 and can thus be expected to be less pronounced. Another reason for a less evident association of the IL10 gene with TNF-a levels is that TNF-a production is influenced to a greater extent by environmental factors than IL-10, 11 thereby obscuring genetic effects.
Previous studies of the influence of genetic variation in the IL10 gene on innate cytokine expression, largely conducted in populations living in affluent conditions, have concentrated on the SNPs rs1800896AG, rs1800871CT and rs1800872CA, all of which lie in the promoter region of the IL10 gene. In Caucasian populations, these SNPs form the three haplotypes GCC, ACC and ATA. 12 Heterogeneity between studies regarding stimulants used, incubation times, and whether wholeblood samples or peripheral blood mononuclear cells were stimulated, hampers comparisons between studies. However, in general, our results are in line with most previous studies suggesting an increased IL-10 production with rs1800896G and a decreased IL-10 production with rs1800871T and rs1800872A, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] although there are also studies reporting on opposite results. [23] [24] [25] Taking into account the 2-year interval between measurements and the field conditions in which samples were collected and the stimulation assay was performed, we consider the repeated measurements to correlate well, especially for IL-10. This provides evidence that the strength of the IL-10 response of an individual is relatively stable over time in a pathogen-rich environment, suggesting an important role for genetics in the production of IL-10 even under high infectious pressure. The correlations of 0.53 and 0.36 for IL-10 and TNF-a, respectively, are higher than previously reported in this population (0.48 for IL-10 and 0.15 for TNF-a). 11 For the current analyses, we used LPS and zymosan simultaneously in the whole-blood stimulation assay (in contrast to the previous analyses, 11 which were based on LPS only), thereby inducing an innate immune response via two different pattern recognition receptors, namely TLR4 and TLR2. 26 We stimulated whole-blood samples using multiple TLR ligands for a broad induction of the innate immune system and found that measurements of cytokine production after stimulation using both a TLR4 ligand and a TLR2 ligand correlate well over time. The correlation between repeated measurements in the Ghanaian population is somewhat lower than in populations living in more sanitised environments. 11 This is more pronounced for TNF-a than for IL-10. As exposure to pathogens is high in Ghana, environmental variation could contribute to the lower correlations found in the Figure 3 The relationship between IL10 SNP copy number and IL-10 production capacity after 24 h stimulation of whole-blood samples with 10 ng ml À1 E. coli LPS and 100 mg ml À1 S. cerevisiae zymosan. Mean cytokine production levels are expressed as Zscores, indicating the deviation from the population mean. Error bars represent s.e.m. For each of the four IL10 SNPs, which determine haplotype 1, mean levels of IL-10 production were compared between those carrying 0, 1 or 2 copies of the minor allele. *Po 0.05.
Ghanaian study in comparison with other (affluent) cohorts 11 where we know from twin studies that cytokine expression is a trait largely under genetic control. 4 In conclusion, we have confirmed that the most common IL10 haplotype affects IL-10 production in response to common bacterial and fungal components in a Ghanaian population living with a high infectious disease burden. We also found that repeated measurements of IL-10 production in the same population are well correlated over time. Given that genetic factors are known to have a high impact on innate cytokine production in affluent environments, we believe that this provides further support for a role of genetics in regulating innate immune responses also in environments with high infectious disease pressure.
Materials and methods
The materials and methods have been described in detail previously. 7, 11 Below follows a summary.
Study population
The study population lives in a rural and underdeveloped area (200 km 2 ) in the Upper-East Region of Ghana. The inhabitants practise manual labour subsistence farming and live in extended and polygynous (48%) family structures. Households consist of clay huts in a circular arrangement surrounding an open-air area. People in the area belong to several tribes, mainly Bimoba (66%) and Kusasi (26%). The main causes of death in the region are infectious diseases, both in childhood and in adulthood. 27 Malaria, neonatal complications, pneumonia and diarrhoea are estimated to account for 88% of all mortality below the age of 5.
28
The prevalence of HIV is low (B1.5%) compared with other sub-Saharan regions. 29 The research area has been visited by our group since 2002 to perform annual demographic updates on new births, deaths, in-and out-migration, and additional data collection. Socioeconomic status was defined according to the Demographic Health Survey wealth index 30 for the 2008 sample and property in million GHC (second cedi) for the 2006 data. 7 Drinking source was determined by asking within each district (consisting of several compounds within a village) whether there was access to a borehole or if a well or river was used as a drinking source. Based on the purity of the water sources, drinking source was then classified as fairly safe (from borehole) or unsafe (river or well). Apparently, healthy volunteers were selected for blood donation in 2006 (n ¼ 615) and in 2008 (n ¼ 648). The majority of volunteers were primarily selected for a study on the relation between immune responsiveness and fertility (results not published). Therefore, mainly women from different age categories of whom the fertility history had been previously collected were selected. 31 Ethical approval was given by the Medical Ethical Committee (MEC) of the Ghana Health Service, the MEC of the Leiden University Medical Center in Leiden, The Netherlands, and by the local chiefs and elders of the research area. Informed consent was obtained from all participants.
Whole-blood stimulation assay and cytokine measurements The protocols for sample collection, stimulation and measurements were identical in 2006 and 2008. Venous blood of 4 ml volume was collected in the morning. The ex vivo capacity of the innate immune system to produce IL-10 and TNF-a in response to common pathogens was measured by simultaneously incubating the samples with 10 ng ml À1 E. coli LPS (a TLR4 ligand) and 100 mg ml À1 of S. cerevisiae zymosan (a TLR2 ligand) for 24 h at 37 1C in a humidified atmosphere containing CO 2 . Samples were centrifuged and the supernatant was aliquoted and kept at À20 1C on dry ice until the time of transportation to the Netherlands. Concentrations of IL-10 and TNF-a in 2006 and TNF-a in 2008 were measured in the Netherlands by enzyme-linked immunosorbent assay according to the manufacturer's protocol (PeliKine Compact human TNF-a and IL-10, Sanquin Reagents, Amsterdam, The Netherlands). In 2008, concentrations of IL-10 were measured by a multiplex assay (Bio-Plex assay, Bio-Rad Laboratories, Veenendaal, The Netherlands). According to the manufacturer's information, this assay has a sensitivity of B10 pg ml À1 (based on detectable signal 42 s.d. above background), an interassay coefficient of variability (CV) o30% and an intraassay CV o20%.
32 Average intra-assay CV in our sample was 6.9%, 3.5% of samples having a CV 420%.
DNA collection and genotyping DNA was isolated from buccal swabs collected between 2002 and 2006. The swabs were stored at room temperature in 2.5 ml pronase and proteinase-K containing sodium chloride-Tris-EDTA (STE) buffer until transport and DNA isolation in the Netherlands by a commercial company (BaseClear, Leiden, The Netherlands). Common genetic variation (minor allele frequency X5%) in the IL10 gene region was determined by genotyping based on LD mapping (Yoruba population in HapMap database release #21 and with r 2 ¼ 0.8). The locations of the 20 genotyped SNPs in the IL10 gene region are displayed in Supplementary Table 1 (S1) and Supplementary Figure 1 (S1). Supplementary Table S1 also includes the minor allele frequencies and HardyWeinberg equilibrium 7 in the entire population that was genotyped in the study area (n ¼ 4336), of which our current study population is a subset. Haplotypes formed by these SNPs and the frequencies of these haplotypes were then calculated in the population of n ¼ 4336 7 and are depicted in Supplementary Figure S1 . The most common IL10 haplotype (43.2%), 7 also referred to as haplotype 1, is determined by the minor alleles of the SNPs rs1800871, rs1800872, rs3024490 and rs1554286. 7 To address issues of population stratification, we performed additional analyses stratified by the two major tribes, Bimoba and Kusasi. We also performed regression analyses including an interaction term between genotype and tribe (only performed for the four SNPs in haplotype 1). Neither of the two analyses indicated a significant difference between the two major tribes in the association between genetic variation in the IL10 gene and induced cytokine production (data not shown).
Statistical analysis
Cytokine levels were log transformed (with base 10) because they were not normally distributed and subsequently converted into Z-scores. Z-scores were used to Table 2 . No adjustments for multiple testing were made. All analyses were performed using PASW (SPSS) Statistics version 17.0 (SPSS Inc., Chicago, IL, USA).
